The present study was designed to determine the effects of pulmonary vascular pressure, vascular i" ury, and pulmonary edema on regional blood volume (Vr) a,nd regional red blood cell (RBC) transit time (Tr) in the lung. The experiments were carried out in 15 dogs. Six served as controls, six had oleic acid-induced pulmonary edema (OAPE), and three had high pressure pulmonary edema (HPPE). Regional blood flow (Qr) was measured with wTc macroaggregates, Vr with 51Cr homologous RBC, and regional transit time was calculated (Vr/Qr). The dogs were killed, and the lungs removed and sampled completely. Regional extravascular lung water (EVLW) was measured in grams per gram of dry lung and ranged from 3.7±1.1 in the control group to 6.0±13 in OAPE and $.6±0.6 in HPPE. The data show that in normal lungs, increased Qr was associated with a recruitment of blood volume. In OAPE, data show that regional blood volume was decreased and that vascular injury and edema formation interfered with a further increase in Vr as Qr increased. In HPPE, Vr has already fully distended and it changed little with increased blood flow. We conclude that oleic acid-induced pulmonary injury and edema interfere with vascular recruitment and shorten regional RBC transit times. HPPE, on the other hand, is associated with normal regional RBC transit times because the vessels are fully recruited.
Introduction
Under normal conditions the pulmonary circulation is a low pressure, compliant system where pulmonary vascular resistance falls as total pulmonary blood flow increases (1) . This fall in resistance is associated with dilatation and recruitment of the pulmonary vasculature so that blood volume increases with blood flow (2) (3) (4) . In a previous study from this laboratory (5), it was shown that regional blood volume (Vr)' increases with extravascular lung water, HPPE, high pressure pulmonary edema; OAPE, oleic acid-induced pulmonary edema; Pi, interstitial pressure; Ppa, mean pulmonary artery pressure; Ppaw, mean pulmonary wedge pressure; Pvo2, central venous oxygen tension; Qr, regional blood flow; Qs/Qt, shunt fractions; Qt, cardiac output; RA, right atrium; RBC, red blood cells; Tr, regional transit time; Vr, regional blood volume; Vr°, basal pulmonary blood volume. increasing, regional blood flow (Qr) and regional transit times (Tr) ofthe red blood cells remains relatively constant. The present studies extend these observations to edematous lungs to determine whether different physiological states of the pulmonary vasculature associated with pulmonary edema can interfere with regional vascular dilatation and/or recruitment. Oleic acid was used to produce increased permeability low pressure pulmonary edema and fluid overload was used to produce high pressure pulmonary edema. The data show that in oleic acid-induced pulmonary edema (OAPE), Vr is low and remains low with increasing regional blood flow. In high pressure pulmonary edema (HPPE), on the other hand, Vr was high and changed little with higher Qr because the pulmonary vasculature had already been fully recruited. This has the effect of shifting the distribution ofTr to shorter than normal values in OAPE, while in HPPE regional transit times have normal values and a more even distribution. We conclude that pulmonary edema and possibly vascular injury, as observed in OAPE, interfere with vascular recruitment and shortens the regional transit times when vascular pressures are within the normal range.
Methods
Mongrel dogs weighing 25±5 kg were anesthetized with sodium pentobarbital (25-30 mg/kg i.v.), placed in a supine position, and intubated with a cuffed endotracheal tube. They were ventilated with 100% 02 by a Harvard animal ventilator at a tidal volume of 12-15 ml/kg and a respiratory rate of 10-15 per min to maintain the Pco2 between 35 and 42. A 7 French double lumen Swan-Ganz, thermistor-tipped catheter (Edwards Laboratory, Sandusky, OH) was placed in the pulmiionary artery under fluoroscopic control in order to measure the mean pulmonary artery pressure (Ppa), mean pulmonary wedge pressure (Ppaw), and the cardiac output (Qt) by the thermodilution technique (6) .
A multiple side-hole catheter was placed in the right atrium (RA) to infuse fluid. Two arterial catheters were inserted in the carotid arteries. One was used to monitor the systemic blood pressure (BP), while the second had an inflatable balloon tip and was placed within the descending thoracic aorta so that cardiac afterload could be increased by inflating the balloon. The urinary bladder was emptied and both ureters Wvere ligated to minimize urine output. Vascular pressures were recorded using an 8 channel recorder (model 77528, Hewlett-Packard Co., Palo Alto, CA). Blood gas samples and hemoglobin measurements were obtained under various experimental conditions (see below) for the calculation of the corresponding shunt fraction (Qs/Qt). All pressures were referred to the mid-chest position. Warming blankets were used to maintain the animal body temperature between 360 and 38°C and sodium bicarbonate was used during the experiment to maintain plasma pH between 7.35 and 7.45.
The baseline hemodynamic measurements were obtained -40 min after the induction of anesthesia. The animals were theni divided into three groups. Group 1 (n = 6) served as control and was monitored for 2 h without further intervention. An experimental model oflow pressure pulmonary edema was produced in group II (n = 6) by injecting oleic acid (0.08 ml/kg suspended in 5 ml of 0.9% saline i.v.) (7) in a bolus through the multiple sided-holed catheter in the RA. High pressure pulmonary edema (HPPE) was produced in group III (n = 3) by inflating the balloon-tipped catheter in the descending thoracic aorta with 1-3 ml of saline and rapidly infusing Ringer's lactate solution (25% of body weight) over 2 h. Pulmonary artery pressure was kept within the range of 25-45 cm of H20. Further modification of the cardiac afterload was achieved by varying the degree of inflation of the balloon on the aortic catheter.
2 h after the baseline measurements were obtained, the measurements of Ppa, Ppaw, BP, hemoglobin, arterial and venous blood gas were repeated. Qt was measured and albumin macroaggregates, labeled with 9"mTc, were injected into the RA to mark the regional blood flow. The physiological shunt fraction (Qs/Qt) was calculated by the following equation (8): (Qs)/(Qt) = (Cc -Ca)/(Cc -Cv) X 100%, where Cc, Ca, and Cv are the oxygen content in the pulmonary capillary blood, the arterial blood, and the central venous blood, respectively, with the inspired oxygen concentration at 100%.
Autologous red blood cells labeled with 5"Chromium were then injected to mark the intravascular space. Four samples of blood, -5 ml each, were obtained after the complete equilibration of 5"Cr red blood cells with the circulating blood volume. The dogs were then placed in deep anesthesia with intravenous pentobarbitol and killed with a bolus of saturated KCl. The chest and pericardial sac were opened and the heart pulled up so that the major pulmonary vessels could be tied off with a single snare. The lungs were kept in an inflated state by clamping the trachea while they were being removed. An endotracheal tube was inserted and tied into the open end of the trachea, which was then unclamped, so that the lungs could be inflated to a transpulmonary pressure of 20 cm of H20. They were maintained at this volume using a constant airflow with a T piece to underwater seal while they were rapidly frozen over liquid nitrogen fumes in an insulated box. The frozen lungs were cut into 2-cm slices from the dependent (dorsal) surface to the anterior (sternal) surface. Each slice was further divided into smaller regional samples that were placed in preweighed vials. These vials were reweighed to obtain the wet weight of the samples and counted in a model 7000 gamma scintillation counter (Beckman Instruments, Inc., Fullerton, CA) for all the isotopes with appropriate corrections for decay, background, and overlap. The vials were then placed in a microwave oven for several days and the samples dried to a constant weight so that they could be reweighed to determine the dry weight of the samples. Having measured the 5'Cr counts per milliliter of blood drawn at the end of the experiment, the blood volume in each regional sample was then calculated from the 5'Cr activity in the same sample and the amount of blood water was substracted from each sample to obtain the extravascular lung water per gram of blood free dry lung (EVLW). The Qr to each lung sample was calculated using the formula: Qr = [9"Tc counts in the sample X cardiac output (ml/s)]/[total s9mTc counts in the lung (ml/s)]. Both the Qr in milliliters per second and the Vr in milliliters were expressed in values per gram of blood-free dry lung. Vr was then plotted against Qr for each group so that their correlation could be assessed. Tr in seconds, defined as Vr (ml)/Qr (ml/s), was also calculated for each sample (5) . The data were expressed as mean±standard deviation unless otherwise indicated, and a difference at the level of P < 0.05 was considered significant. Table I shows the hemodynamic data, the hemoglobin, and the calculated shunt fraction (Qs/Qt) of the dogs under various experimental conditions. The values of the pulmonary vascular pressures and cardiac outputs listed in Table I (Tables I and III) . The Vr is also high in this group (4.6±1.6 ml/g dry lung [P < 0.05]) because of the vascular engorgement with high pressure pulmonary edema. Vr is the lowest in the OAPE group (Vr = 1.2±0.5 ml/g dry lung; P < 0.05). We also compare our data with Fig. 1 of Muir et al. (9) who studied histology in relation to gravemetric measurements of edema and found that interstitial edema was present when the wet to dry ratio was 6.5. This value approximates our data of wet to dry ratio of 6.9±1.1 and 6.7±0.4 from the OAPE and HPPE groups, respectively. From these wet to dry ratios and the Cr5 -labeled blood volume, the EVLWs were calculated as 6.0±1.3 g/g dry lung for the OAPE group and 5.6±0.6 g/g dry lung for the HPPE group (Table III) . This shows that interstitial edema was present in both our OAPE group and the HPPE group. The relationships between regional blood volume and regional blood flow under these experimental conditions (Figs. 1-3) show that regional blood volume increases with regional blood flow in the control group but not in the oleic acid pulmonary edema group or high pressure pulmonary edema group. Note the differences in the slopes of the three figures.
Results
Regional transit time, defined as: (regional blood volume)/ (regional blood flow) or (Vr)(ml)/(QrXml/s), was calculated for all of the lung samples and represents the average duration (in seconds) that the red blood cells spend in each region. Blood vessels of various sizes are included in these regions. The range of regional transit times in the control group is similar to that previously reported (5). The regional transit times were assessed by using the distribution force multiple comparison method based on Krustal-Wallis rank sums (10) . This shows that in the OAPE group the regional transit time was 1.9±1.8 s, which is significantly lower than the control and the HPPE group (P < 0.05) ( Table IV ). Note that Vr in this group is also the lowest and it does not increase with increasing Qr (Fig. 2 , slope = 0.1 1).
The histograms ofthe distribution ofthese regional transit times (Figs. 4-6) show that a heterogeneity in regional transit times was observed in all three groups. OAPE also caused a shift in the distribution towards shorter regional transit times. On the other hand, HPPE was associated with regional transit times comparable with the control values (P > 0.05) and a more even distribution.
Discussion
As total pulmonary blood flow increases, the pulmonary vascular resistance decreases (1) . Several studies have attributed this phenomenon to the recruitment of the pulmonary vasculature (2-4). Previous studies from this laboratory (5) have shown that the regional blood volume increases with increasing blood flow, and the data from the control animals of the present study ( Fig.  1) increased flow, as observed in oleic acid-induced I pulmonary edema (Fig. 2) . On the other hand, in h pulmonary edema, vascular recruitment was also I increased Qr (Fig. 3) , because most of the vessel: maximally recruited under the circumstances due t vascular pressure (Table I) (Table III) better in the OAPE group (Vr°= 1.1 ml/g vs. Vr = 1.2±0.5 ml/g) and in the HPPE group (Vr°= 3.8 ml/g vs. Vr = 4.6±1.6 ml/g). However, Vr°is lower in the control group (Vr°= 1.4 ml/g and Vr = 2.8±1.6 ml/g), indicating that blood volume depends significantly on the status of blood flow when no edema is present. Under normal circumstances, vascular volume increases when the transmural pressure of the vessels is increased. This cumulates in the interstitial space, this will effectively lower the transmural pressure. Staub (12) reported that the sequence of fluid accumulation in the lung is similar in high and low pressure low pressure pulmonary edema, with the edema fluid first accumulated in igh pressure the interstitium and then in the air space. Guyton and his aslimited with sociates measured interstitial pressure using an implanted capsule s have been and suggested that the interstitial pressure increases as fluid acto the higher cumulates in the lungs (13, 14 Regional Blood Flow (ml/s/g dt) (Table III) . In addition to the increased Pi, several other factors could help to explain the reduced Vr and more rapid RBC transit in OAPE. It is possible that alveolar flooding is greater in OAPE and that this decreases the volume of the microvessels either by directly decreasing transmural pressure or by inducing local hypoxic vasoconstriction (16) . Alternatively, there may have been direct injury to the arteries by the oleic acid (7) that in- creased arterial smooth muscle tone to derecruit the distal microvascular bed.
The data show that in OAPE, the transit time of the red blood cells through some ofthe lung regions becomes short (Table IV), and that the distribution of Tr is shifted to the left of the control group (compare Figs. 4 and 5 ). In HPPE, where blood volumes and flows are both high (Table III) , the regional transit times are comparable to the control (Table IV) and the distribution becomes more even (compare Figs. 4 and 6 ). Recent studies from our laboratory (17) have shown that when similar amounts of edema are present, and when differences in cardiac output are taken into account (18), there is more interference with gas exchange in OAPE than HPPE. However, as the current literature suggests that diffusion defects contribute little to the abnormalities in gas exchange in OAPE (19) , it seems unlikely that the shortened Tr reported here reduce microvascular transit time sufficiently to interfere with gas exchange. Regional transit time (s) Figure 6 . The histogram of regional transit times in the high pressure pulmonary edema group that is not different than the control group (Fig. 4) , P > 0.05.
In summary, the data show that regional blood volume does not increase with increased flow in either oleic acid-induced pulmonary edema or in high pressure pulmonary edema. In OAPE, this could be due to vasoconstriction after vascular injury, local hypoxia, or the fact that edema formation lowers the vascular transmural pressure. In high pressure pulmonary edema, on the other hand, the pulmonary vasculature is already fully expanded by the increased vascular pressure so that there is little further space for increased blood volume with increased flow. The data also show that there is heterogeneity in the regional transit times within the lung in both control and edematous conditions, with the shortest overall regional transit times occurring in oleic acid-induced pulmonary edema.
